The increase in Basic Oxygen Furnace (BOF) plants in steelmaking has given rise to renewed interest in a dynamic simulation of the BOF process. Material and process costs can be saved with optimized process times and targeted charging of scrap and slag formers. Beside hot metal, scrap is the main source of iron in the BOF process. Furthermore, scrap is used as a coolant during the process due to exothermal chemical reactions occurring in the BOF. In this paper, the melting and dissolution behaviour of scrap in the BOF process is discussed. A new dynamic thermodynamic and kinetic Matlab ® model used to simulate scrap melting behaviour as a function of various scrap surface parameters and particle size is presented, as well as the influence of scrap properties on liquid bath temperature and final crude steel composition after a defined blowing period.
• a limitation of reaction rates is based on mass transfer kinetics in the metal and slag phases • lime concentration in the slag phase is equal at the interfacial surface and the slag bulk composition • iron concentration in the metal phase is equal at the interfacial surface and the liquid metal bulk. [5] Explanations of kinetic and thermodynamic calculations, the model flowsheet as well as the description of melting behaviour of slag formers, pellets and FeSi were published by Y. Lytvynyuk et al. [5, 17] 
MECHANISMS OF SCRAP MELTING IN THE BOF MODEL
Scrap is charged into the BOF at the beginning of the process. For simplification it is assumed in the BOF model used that the surface temperature of the scrap is equal to the hot metal temperature. The scrap particle itself is heated up through thermal conduction. In scrap melting, two mechanisms have to be considered if scrap melting and dissolution are to be defined in a BOF. [1, 4, 18, 19] In the final stage of the BOF process the melt temperature exceeds the melting point of the scrap. In this case, scrap melting is defined as forced or convective melting. The heat transfer coefficient will be much higher than the mass transfer coefficient. [19, 20] In the case of convective scrap melting, the temperature difference between hot metal and scrap acts as the driving force. The following equation (Equation 1) characterizes the forced scrap melting:
The radius of the scrap particle is r in unit [m] . The heat transfer coefficient in the metal phase is hmet in [W m -2 K -1 ]. The density of the scrap is in [kg m -3 ] and the latent heat of the scrap melting is L in [J kg -1 ]. THM and Tliq are the temperatures of the metal phase and the liquidus temperature of the scrap in [K] . [5, 17] ( ) is the specific enthalpy of scrap at the actual temperature of the scrap surface and ( ) is the specific enthalpy of the scrap melting point, both in [J kg -1 ]. [21] If the actual metal phase temperature is below the melting temperature of the scrap, diffusive scrap melting takes place. In this case, the scrap melting is driven by the difference in carbon concentration in the metal phase and the scrap. A decisive factor is the mass transfer coefficient for diffusive scrap melting. According to the Fe-Fe3C diagram, low carbon scrap has a higher melting point than hot metal with around 4.5 wt.-% of carbon. For diffusive scrap melting, the model described uses Equation 2 from Chigwedu C.
In Equation 2, kmet is the mass transfer coefficient in the metal phase in [m s -1 ]. Cscrap and CHM are the carbon concentrations in the scrap and hot metal in [wt.
-%]. Cliq describes the carbon concentration on the liquidus line. The density of the liquid hot metal is and of the scrap it is , both in [kg m -3 ] . [3] The values for the liquidus lines are approximated using a database of Fe-Fe3C-Si-Mn diagrams. The phase diagrams are generated by the FactSage TM FSstel database. [5, 22] Through bottom stirring and oxygen blowing, the specific mixing power is calculated, which provides the basis for the mass transfer coefficient in the metal phase. The equation is a function of the total mixing power combined with the bath depth and the vessel geometry. [17] The heat transfer coefficient of the metal phase is approximated solely by a function of specific mixing power. [5, 19] 
INPUT PARAMETERS
The influence of the size and surface area of scrap particles was investigated for the dynamic simulation of a BOF converter. The following chapter gives an overview of the input parameters. Hot metal, scrap, solid BOF slag and sand are charged at the start of the process. During the entire process time, only lime is charged for simplification. For each calculation, the amount of blown oxygen is equal. The period of oxygen blowing is always 12.6 min. The chemical compositions of industrial materials were used as input materials. In Table 1 , the initial composition, the charged mass and charging temperature of the hot metal and the scrap are listed. For all investigations, the charged mass of scrap and the hot metal are constant. The chemistry of the initial slag as well as their compositions and the amounts of the charged solid converter slag, sand and the added lime are shown in Table 2 . 
INVESTIGATED SCRAP DIMENSIONS
For the investigation of the melting and dissolution behaviour of scrap, a common rail steel grade was used. It is assumed that the volume of the scrap is a sphere. For the investigation the diameter is changed in a first step (simulation numbers 1-3). The simulated scrap sizes are listed in Table 3 . A second investigation (numbers 4-6) assumes that the scrap is a 0.3 m high cylinder with one dimensional heat flow from the shell surface into the inside of the cylinder. In this case the diameter was also changed for this study. The input parameters for the scrap diameters are listed in Table 3 . [23] in 1935, the surface area of the scrap was changed in the simulation. The sphericity of a particle is defined as the ratio of the surface area of a sphere to the surface area of the particle, whereby the sphere has the same volume as the given particle. The sphericity is given in ) of a sphere is 1 [-] . Isoperimetric inequality according to Equation 3 proposes, that every particle that is not a sphere has a sphericity below 1. In the simulation the reaction surface of the scrap is inversely multiplied with the sphericity of different geometric figures that are pointed out in Table 4 . The reaction surface influences further the energy ( ), used for heating up the scrap particle. Equation 4 illustrates the calculation for the energy used for the heating the scrap particle.
In Equation 4, ( ) ̅̅̅̅̅̅ defines the temperature dependent thermal conductivity of the scrap particle in [W m -1 K -1 ], which is based on an interpolation of five temperatures over the particle radius. The radius of the particle is r in [m] .
is the actual temperature of the hot metal and is the actual temperature of the scrap particle core in [K] . N is the number of particles [-] . The ideal cone is defined by = √ , whereby h is the height and r is the radius in [m]. The plate is assumed to be a parallelepiped with the dimensions (8mm*2mm*0.5mm). The results will be compared in the following chapter and are benchmarked to the sphere from the first simulation. [23, 24] 
RESULTS AND DISCUSSION
The scrap melting during the BOF process was modelled using the aforementioned parameters. The following graphs demonstrate the calculated influence of the different scrap sizes and the assumed geometries on the melting and dissolution behaviour of scrap as well as the final bath temperature. They also outline the changes in the final chemical melt composition. Between minutes 8 and 10, a kink occurs in all figures, resulting from the change between diffusive and forced scrap melting. At this point, the melt temperature exceeds the melting temperature of the scrap. Under real process conditions, a smooth transition between the two melting mechanisms will take place. In the model, it is assumed that the melting point of scrap is specific to the liquidus line, while under real conditions the melting takes place in the two-phase area between the solidus and liquidus lines.
Influence of the scrap size
In Figure 1 the melting behaviour of scrap, assumed as spheres with various diameters from Table 3 , is shown. It depicts that the melting of the low dimension scrap, diameter 0.06 mm, starts very quickly but between 0.8 minutes and minute 3 it is very slow due to slow decarburization. After minute 3 the dissolution and melting begins to accelerate. This is explainable through Figures 2 and 3 ; compared to the same charging mass, a low dimension scrap has a higher overall surface where energy is transported from the melt to the scrap. This leads to a high cooling effect at the beginning of the process, pointed out in Figure 3 . The high cooling effect also causes an inhibition of decarburization in the first process minutes. As mentioned in Chapter 2, the driving force of diffusive melting is the carbon difference between scrap and hot metal. These factors cause a slow melting behaviour of low dimensional scrap. Once the low dimensional scrap is heated up, the melting is faster than scrap with a higher diameter. Big scrap particles do not tend to melt completely until the constant blowing period, which is used in this simulation, has finished. However, the amount of undissolved scrap is very low, with 4.45 kg. The final values can be found in the table in all figures. In Figure 2 it is shown that the final temperature is lower in comparison to more voluminous scrap. The differences occur because of the open system. In According to the lower temperatures due to the greater surface, decarburization is slower if small scrap particles are used. Finally, the carbon content in the melt will be a little bit higher compared to the use of large scale scraps in a converter, as seen in Figure 3 . The same behaviour of the scrap melting and dissolution could be seen if the scrap has a cylindrical geometry. As illustrated in Figure 4 , a cylindrical scrap particle with a low diameter will melt faster than big scrap. Compared with the sphere, the green line in Figure 4 , there seems to be no big difference in melting behaviour if the size is similar. The trajectories of the melt temperature show a similar behaviour if the scrap has spherical or cylindrical geometry, like it is pointed out in Figure 5 . It could be seen that the strong decrease in the temperature due to the high overall scrap surface at the beginning of the blowing period will finally result in lower end temperatures after equal process times. The compositions of manganese, phosphorus and silicon in the liquid metal are shown in Figure 6 . The silicon content of the hot metal proceeds nearly unchanged. Only during the time range between 1 and 4 minutes does a lower content with higher scrap particle radius appear. The influence of the temperature can be seen in the graphs of manganese and phosphorus. A bigger radius of the scrap particles results in a higher temperature of the melt. This occurs as a result of the lower surface area compared to smaller lime particles, which means lower heat consumption from the scrap and more heat for the melt. The phosphorus oxidation needs a low temperature, which explains the earlier ascent of the phosphorus buckle if large-scale scrap is charged. With small scrap particles the melt temperature needs more time to reach the transition. 
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Influence of the sphericity
Using sphericity (Sph) listed in Table 4 , the surface of the scrap particle where heat transfer occurs was approximated. Because Sph is calculated with objects equal in volume, a sphere has the lowest surface of all analysed objects. This means the surface of a cylinder, plate or other geometrical bodies is larger. Figure 7 illustrates that the temperature will drop faster at the beginning of the process if the Sph is low, also resulting in a slightly lower final temperature. Compared to the size change of the particles in Chapter 5.1, in this simulation the volume of a particle stays the same, which means the overall number of particles is also the same. Only the heat exchange surface is influenced by the sphericity. As shown in Figure 8 , the lower the Sph, the lower the melting rate of the particle. This seems to be in conflict with Chapter 5.1 where small-sized scrap melts faster. But in the case of sphericity, the number of particles was not changed, so the overall surface of all particles was much higher for a longer period. While a change in the size of a particle has a strong influence on the behaviour of manganese and phosphorus, the use of sphericities between 0.46 and 1 will show hardly any impact, as illustrated in Figure 9 . As illustrated in Figure 10 , the implementation has no effect on the mass balance of the final iron content in the slag and the melt. The manipulation of the temperature through the utilization of sphericity will change the course of the trajectories of the total amount of FeO in the slag and the melting behaviour of scrap, which results in the same total metal mass. 
CONCLUSIONS
This paper points out the dissolution and melting behaviour of scrap using a dynamic BOF simulation based on complex chemical and physical phenomena. The BOF model is coded in MatLab ® and also describes the behaviour of the metal and slag phases during the blowing period of the BOF process using thermodynamic and kinetic equations. The aim of this study was to clarify the effect of the scrap size and geometry on the melting and dissolution behaviour of scrap as well as the influence on the final crude steel composition and temperature. First of all, it was shown that the scrap size plays a dominant role in the melting behaviour. If the scrap has a low diameter (0.06 m), the cooling effect decreases the hot metal temperature by more than 50 °C at the beginning of the process. This behaviour acts on the final temperature, which will be slightly lower if small-scale scrap is used. Attributable to this fact, the phosphorus and manganese composition is influenced by the lower temperatures. A second simulation, where scrap is assumed to be a cylindrical object, exhibits the same behaviour. If the scrap surface is manipulated with the form factor sphericity, the melting behaviour of scrap looks different, while the melt temperature shows the same conduct. The usage of sphericity for describing scrap melting in the BOF is easy to implement and gives a first estimation of the melting behaviour of scrap for the energy balance. To sum up, the obvious reported in this paper clearly indicate that the size of scrap particles influences the melting and dissolution behaviour of the scrap. A sphericity between 0.46 (plate) and 1 (sphere) will only manipulate the trajectories during the BOF process and has hardly any influence on the final temperature or the chemical composition. The sphericity gives a first estimation to explain the scrap melting and dissolution behaviour but for a more exact description, the geometry of the scrap particles should be simulated with a two or three-dimensional model.
